Virtually all vertebrates acidify their gastric contents to a pH between 0.8 and 2.0. In mammals, acid seaetion is mediated by a K-stimulated proton-translocating adenosine triphosphatase (H,K-ATPase), which establishes a millionfold gradient of protons across the apical membrane of the gastric parietal cell. The earliest phylogenetic appearance of gastric acid secretion is in cartilaginous fish, and we sought to venfy in this dass (Chondrichthyes) the presence and distribution of H,K-ATF'ase in gastric epithelial cells. An antibody against a synthetic peptide based on the C-terminus of pig H,K-ATPase a-subunit was localized in the gastric glands of the Atlantic stingray Dasyatis sabina. The C-ter-mina1 antibody stained all cells with tubdovesides and the apical membrane domain of mucous neck cells. In prox-imal stomach, gastric glands showed the strongest immunoreactivity in cells dose to the isthmus; in the distal stomach, strongest immunoreactivity was found in cells at the base of the glands. Oxyntic cells were moge intensely immunoreactive than oxynticopeptic cells. This antibody labeled a single band of Mr 100,600 on immunoblots of D. sabina gastric microsomes. These results show the earliest phylogenetic occurrence of a gastric ATPase in putative acidsecreting cells and suggest that this enzyme shares structural features with mammalian H,K-ATPase. (1 tListochem Cytochem 42: [1323][1324][1325][1326][1327][1328][1329][1330][1331][1332] 1994) 
Introduction
In mammals, the enzyme responsible for gastric acidification is an integral protein of tubulovesicular and secretory canalicular membranes of the gastric parietal cell. The enzyme, a potassiumstimulated proton-translocating adenosine triphosphatase (H,K-ATPase), is a heterodimer of aand P-subunits; the a-subunit is oriented in the apical membrane with eight transmembrane domains, with both the N-and C-termini exposed on the cytoplasmic side of the membrane (26,33,3>). On stimulation of gastric secretion, the tubulovesicular membranes fuse with the secretory canaliculus, the invaginated apical membrane of the parietal cell, and intratubulovesicular K+ is exchanged for cytoplasmic protons (in the form of H3O+). Chloride channels in parietal cell apical membranes promote concurrent C1-efflux from the cells and HCI accumulates in the gland lumen (7,lO) . In addition to its localization in parietal cells of mammals, the H,K-ATPase is present in the oxynticopeptic cells of amphibians (9) and birds (1) . However, there is as yet no confirmation of the occurrence of the H,K-ATPase in the stomachs of reptiles and those of bony or cartilaginous fish. Since the earliest phylogenetic appearance of gastric acid secretion is in cartilaginous fish (17) , we sought to verify in this vertebrate class (Chondrichthyes) the presence and distribution of H,K-ATPase immunoreactivity in gastric epithelial cells.
Antibodies are useful probes of the gastric H,K-ATPase. Monoclonal antibody interactions have clarified the location and secretagogue-stimulated migration of H,K-ATPase within rabbit gastric parietal cells (32), have identified H,K-ATPase-like antigens in kidney (36) and ciliary body (4), and have contributed to identification of the H,K-ATPase P-subunit (20) . The antibodies are particularly useful as unique markers of parietal cells in gastric cell purification and in in vitro culture studies (3,34). More recently, cloning and sequencing of pig gastric H,K-AVase cDNA (19) has enabled us to immunize rabbits with synthetic peptides based on the deduced amino acid sequence of the Nand C-termini of the pig H,K-ATPase a-subunit. The resulting site-directed antibodies showed immunoreactivity with pig parietal cells and with pig H,K-ATPase a-subunit by immunoblotting, and defined the cytoplasmic orientation of the a-subunit N-terminus (33).
Recently, we examined by light and electron microscopy the gasuic mucosa of two elasmobranchs, the freshwater river ray Potamotrygon humerosa (11) and the euryhaline stingray Dasyatis sabina (unpublished data). In both elasmobranch species, most of the gastric The most prominent band in PGM is the 94 KD H.K-ATF'asea-subunit. TheC-ter-mina1 antibody recognizes this protein exclusively in PGM and also recognizes a 100.6 KD protein in DGM. Pre-immune serum nonspecifically labeled an unrelated 74.6 KD protein in SRG. Molecular weight standards are shown on the right.
PROXIMAL
MID mucosal epithelial cells have tubulovesicles and variable numbers of granules and are therefore classified as oxynticopeptic cells. Smaller populations of cells have either tubulovesicles or granules cxclusivcly and are called oxyntic or peptic cells. respectively. These morphological features suggest an acid-and pepsin-secretory function. In the present study we demonstrate by immunocytochemistry with a site-directed H.K-ATPase antibody that in the Atlantic stingray D. sabina gastric mucosal cells containing tubulovesicles show H,K-ATPase immunoreactivity; the antibody also reacts with a polypeptide antigen of M r 100.600 in immunoblots of D. subina gastric microsomes.
Materials and Methods
Animals. A total of 25 stingrays (D. d i m ) were captured in summer.
autumn. and winter in the Atlantic Ocean off Charleston. SC. They were transferred into 4500-gaIlon salrwatcr tanks and, after about 2 weeks' adaptation to water o f approximately 650 mOsm. were anesthesized i n smaller tanks by addition to the water of 1% 3-aminobenzoic acid ethyl cster(Sigma:
Tissue Fixation. The stomachs were excised. opened. and immersed in fixative solution that contained 3% glutaraldehyde in 0.1 M cacodylate-HCI. p H 7.3. and. in some caws, picric acid (14) . After post-fixation in 1% Os04 in the same buffer or in K'-ferrcK\anidc-reduccd OsO.i(l6). the 
c
, '
sections with uranyl acetate and lead citrate. In addition, sequential stunples extending from the esophagus to the duodenum were fixed in Carnoy's furative for immunohistochemistry or Bouin's fmtive for histochemistry. Sections from paraffin blocks of Bouin's-fixed stomachs were stained with the periodic acid-Schiffreaction, Alcian blue (pH 2.5 and 1.0) reactions, and high iron diamine reaction (21) .
Immunocytochemistry. A rabbit antiserum was raised against a synthetic peptide based on the amino acid sequence of the C-terminus of the pig H,K-ATPase a-subunit, and immunoglobulin G (IgG) was isolated from the serum by protein A-Sepharose chromatography. The generation and characterization of this antibody were described recently (33); the antibody localizes in the apical cytoplasm of pig and rat gastric parietal cells, and reacts with a single protein band of M, 94,000 on immunoblots of pig gastric microsomes. Light microscopic immunocytochemistry was performed by the avidin-biotin-peroxidase complex (ABC) technique. In preliminary studies, we found that elasmobranch gastric tissue fixed in Bouin's fixative gave weak and inconsistent signals with our C-terminal H,K-ATPase antibody. Subsequently, all immunocytochemical staining was carried out on tissues preserved in Carnoy's fixative. Tissue specimens immersed in Carnoy's solution were transferred to 70% or 100% ethanol after several hours' fixation, embedded in paraffin, and sectioned at 5 pm. Sections were deparaffinized, rehydrated, and incubated for 30 min with 30% H202 to eliminate endogenous peroxidase activity. After rinsing in PBS the sections were treated with blocking serum and then incubated for 60 min with 1:50 and 1:lOO antiserum dilutions in 1% bovine serum albumin, PBS, pH 7.2. The sections were rinsed with PBS and incubated with biotinylated secondary antibody against rabbit IgG for 30 min. After rinsing, the secdons were incubated for 30 min with Vectastain ABC reagent (Vector Labs; Burlingame, CA), followed by incubation with peroxidase substrate solution (H202 and diaminobenzidine) as specified by the supplier. The sections were counterstained with hematoxylin and photographed by light microscopy. Control sections included those incubated with pre-immune serum before immunostaining, and those processed with diaminobenzidine staining only.
Immunoblotting. D. sabins gastric microsomal membranes were prepared as follows. Gastric mucosal scrapings were transferred into ice-cold buffer A (10 mM PipeslTris, pH 6.8, 0.25 M sucrose, 1 mM EDTA, 1 mM phenylmethyl sulfonylfluoride, 1 mM benzamidine, 10 pglml leupeptin, 10 pglml pepstatin, 1 pglml aprotinin) (tissue:buffer 10% wlv) and homogenized (glass/teflon, 2300 p m , 10 strokes). The homogenate was centrifuged at 15,000 x g for 1 hr to precipitate nuclei and mitochondria, and the supernatant was centrifuged at 100,000 x gfor 1 hr. The resulting microsomal pellet was re-suspended and homogenized in Buffer A, the protein concentration was adjusted to 10 mg/ml, and 1oo-pl aliquots were stored at -70°C. Microsomal membranes were resolved by SDS-PAGE (4-20% acrylamide gradient) (18) . and the resulting gel patterns were transferred electrophoretically to polyvinylidene difluoride (PVDF) sheets at 300 mA for 1 hr in 10 mM 3-(cyclohexylamino)-~-propanesulfonic acid, 10% methanol, pH 11.0 (transfer buffer). The PVDF sheets were incubated for 1 hr with 3% non-fat dry milk in 20 mM Tris, 150 mM NaCI, pH 7.5 (TBS), then for 1 hr with various dilutions of rabbit antisera in 1% non-fat dry milk, 1% Tween 20lTBS (TI'BS). The sheets were washed three times in 'ITBS and incubated for 1 hr with 1:2500 dilution in TTBS of goat antirabbit Ig conjugated to horseradish peroxidase. After washing as above, the color reaction was developed by addition of 0.05% 4-chloronaphthol, 0.015% H202 in TBS/15% methanol for 15 min. As controls for antibody speci-ficity, pig gastric microsomes and shark rectal gland microsomes were prepared as above and immunoblotted in parallel with D. sabinagastric microsomes.
Results
The specificity of the synthetic peptide antibody used in this study was examined by immunoblotting. The results are shown in Figure  1 . Total protein staining of electrophoretically-resolved microsomal membrane proteins from shark (Squuhs aunthias) rectal gland, D. subina gastric mucosa, and pig gastric mucosa showed each preparation to consist of many bands encompassing a wide range of molecular weights (Mr). All three preparations showed prominent protein banding at Mr values consistent with P-type ATPases (~~00,000). Pre-immune rabbit serum detected no antigens in microsomes derived from D. subinu gastric mucosa or pig gastric mucosa; a weakly staining band of Mr 74,600 detected in shark rectal gland microsomes by the H,K-ATPase C-terminal synthetic peptide antibody was also stained by pre-immune serum and therefore represents a nonspecific artifactual reaction. The C-terminal antibody labeled a band with Mr 94,000 in pig gastric microsomes and also detected a band with Mr 100,600 in D. subina microsomes.
The antibody detected no bands in shark rectal gland microsomes, indicating that the antibody does not crossreact with Na,K-ATPase.
For purposes of orientation, a schematic diagram depicting the structural organization of D. subinu gastric mucosa is shown in Figure 2. The epithelium lining the inner surface of the stomach in both the gastric pit and interpit regions consists of mucous cells. The pits are continuous with deeper gastric glands similar to those described in other elasmobranch species (22) . The glands are long in the proximal region of the gastric mucosa but become progressively shorter distally until they completely disappear in the last one fourth of the stomach. This reduction in gland length begins at the base of the glands and progresses towards the pits (Figure 2) . Emphasis in the present study was on those cells of the gastric glands that showed structural and immunocytochemical characteristics of acid secretory cells. These were of two types, oxyntic and oxynticopeptic. Oxyntic cells were found immediately adjacent to the gastric pits in all gastric glands, whereas oxynticopeptic cells were found adjacent to oxyntic cells in proximal and midregion glands only (Figure 2) . The distribution of proximal stomach epithelial cells from the gastric lumen to the base of the gland in a semi-thin section stained with toluidine blue is shown in Figure  3a . By low-power light microscopy, it is clear that the pits narrow at the gland isthmus and that there is a transition in cell types from those with intense apical-staining mucous granules to those with a paler apical cytoplasm (Figure 3a ). From the isthmus to the base of the gland there is a progressive accumulation of darkly staining granules in the cells (Figure 3a) .
Peroxidase-linked immunocytochemistry on 5-pm sections of paraffhembedded D. subina proximal gastric mucosa revealed that the synthetic peptide antibody directed against the C-terminus of the pig gastric H,K-ATPase a-subunit labeled specific populations of cells within the gastric glands (Figure 3b ). The most intense immunoreactivity occurred in the cells lining the gastric gland isthmus adjacent to the bottom of the pit. with progressive attenuation of staining and eventual absence of cell immunoreactivity at the base of the glands (Figure 3b ). Therefore, there was an inverse relationship between the intensity of the immunocytochemical staining and the density of intracellular granules. Figure 4a shows that in the distal regions of the stomach the short pits lead to short glands lined by cells with a pale apical cytoplasm and fcw, if any, intracellular granules. similar to the cells found in the same region of the proximal (Figure 3a) and midregions (not shown) of the stomach. Immunocytochemistry again verified that these cells without granules stained intensely with the antibody directed against the C-terminus of the H.K-ATPase a-subunit (Figure 4b ).
Higher-power microscopy of positively staining cells from the mid-and distal portions of the stomach ( Figure 5 ) showed that the label was confined to the apical cell cytoplasm. In cells adjacent to the pits (oxyntic cells) the staining intensity was so great as to obscure all other cell detail ( Figure Sa) . However, in cells deeper in the gland (oxynticopcptic cells) that had some intracellular granules, the staining was less intense and appeared most often as a band adjacent to the apical plasma membrane, with a punctate distribution just bclow this area ( Figure Sb) . Positively staining cells in the distal region showed. in addition, a ruffled or frayed apical membrane ( Figure Sc) not observed in equivalent cells in the proximal or midregion. The same results were obtained when antibody dilutions of 1:50 and k100 were used. Sections from all regions of D. suhinu gastric mucosa incubated with pre-immune rabbit serum and subsequently processed for immunocytochemical signal development as described above showed no staining of epithelial cells. An example of this is shown in Figure 6 , which depicts a Carnoy's-fixed. paraffin-embedded tissue section from the proximal region of D. sohim stomach. with pre-immune serum replacing the specific H,K-ATPase C-terminal antibody in the first incubation step.
In an effort to correlate subcellular structures of D. subina gastric gland cells with the immunoreactivity described above, we cxamined the cells with higher-power light and electron microscopy, as shown in Figures 7 and 8 . In addition to a pale-staining apical cytoplasm, higher magnification (Figure 7a ) showed that the cells (oxyntic) in the upper gastric gland in all regions of the glandular stomach had densely packed mitochondria occupying the basal one half to one third of the cell. This finding was verified by transmission electron microscopy (Figure 7b ). which showed that the palestaining cytoplasm seen in light microscopy was actually an extremely densely packed region of tubulovesicles, with tubule profiles predominating over vesicles. In contrast, cells in the midregion of the gland had several distinguishing features. as revealed by highcrpower microscopy (Figures 8a and 8b) . First. there were fcwcr basal mitochondria. and these were accompanied by prominent stacks of rER cisternae. Second. although the pale-staining apical cytoplasm consisted of tubulovesicles, vesicles predominated over tubules; in addition there was more intervening cytoplasm between these vesicles. Third. many granules with homogeneous contents were located close to the apical plasma membrane (Figure 8b) .
Glycoconjugate histochemistry demonstrated the presence of neutral andlor carboxylated glycoproteins in the apical half of both oxyntic cells and oxynticopeptic cells (Figure 9 ). Periodic acid-Schiff and Alcian blue (pH 2.5) reactions were both positive, whereas the Alcian blue (pH 1.0) and high iron diamine reactions, diagnostic of sulfated glvcoconjugates, were negative (not shown). 
Discussion
In common with other vertebrates (12.13) and with three other elasmobranch species (11.23; and Luciano et al., unpublished observations), the gastric glands of the Atlantic stingray D. sabzna are composed of several differentiated cell types, among which cells with pale apical cytoplasm are prominent when viewed by light microscopy. Transmission electron microscopy of thin sections has shown that the apical cytoplasm of these latter cells contains tubulovesic-ular membrane structures, and histochemical glycoconjugate localization has revealed the presence of neutral andlor carboxylated glycoproteins in the supranuclear region. Depending on the ratio of tubular membranes to vesicular membranes in these cells and the location of the cells in D. sabina gastric glands, we refer to these cells as either "oxyntic" or "oxynticopeptic," adapting terminology that defines acid-secreting cells in gastric glands of higher vertebrates as "oxyntic" and pepsinogen-secreting cells as " peptic" (12,13) .
The current investigation provides evidence that D. sabins oxyntic and oxynticopeptic cells may be responsible for gastric acidification (12) . First, the presence of a tubulovesicular membrane complex in specific gastric mucosal cell types is strongly correlated with acid secretion (5,8,12,15,34) Figure 9 ). This immunoreactivity was consistently stronger at the apical cell border than elsewhere in the cell. Both observations are consistent with the hypothesis that the apical plasma membrane and the most apically located tubulovesicles are interconvertible. as suggested by immunological (24) and electron microscopic observations (27) and by tracer studies The apical membranes of actively secreting oxyntic cells are typically elaborated into many microvilli (2.13J5. 25.27 ). An earlier study using an H,K-ATPase a-subunit-specific monoclonal antibody (32) showed that H,K-ATPase in cimetidine-inhibited rabbit parietal cells was localized in tubulovesicular membranes and not on membranes of the rudimentary secretory canaliculus. In contrast, H.K-ATPase was localized on secretory canalicular microvilli in actively secreting parietal cells. These results were interpreted in terms of redistribution of H,K-ATPase from tubulovesicular membranes to apical microvillous membranes after stimulation of acid secretion (32). In this light, our general observation in the present study that the most apical parts of immunoreactive cells interacted more strongly with our H,K-ATPase a-subunit C-terminal antibody than tubulovesicles deeper in the cells and, specifically, that oxyntic cells with frayed, complex apical membranes were highly immunoreactive with this antibody, is therefore consistent with an acid secretory function in oxyntic and oxynticopeptic cells in D. sabina. With the 5-pm deparaffinized sections used in this study, antibody accessibility to cytoplasmic immunoreactive sites in glandular cells approximately 10 pm in diameter was probably not a limiting factor.
Localization of the C-terminal portion of a putative H,K-ATPase a-subunit in D. sabzna in oxyntic and oxynticopeptic cells was confirmed by the specific labeling of a 100.6 KD protein present in D. sabina gastric microsomal membranes by our antibody. The size of this protein is comparable to that of pig gastric H,K-ATPase a-subunit, which has an apparent MI on SDS-PAGE gels of 94,000, although the MI of the subunit deduced from cloned cDNA sequence is 114,285 (19) . The discrepancy arisesftom incomplete SDS binding to many membrane proteins, leading to deviations from ideal electrophoretic behavior in restrictive gels. The slightly higher apparent MI of this putative H,K-ATPase compared with mammalian H,K-ATPase may indicate (a) the presence of additional sequence, (b) that the elasmobranch enzyme is modified posttranslationally by addition of oligosaccharide substituents, or (c) that interactions of the enzyme with SDS yield a different hydrodynamic structure from the mammalian H,K-ATPase. The possibility that the 100.6 KD protein is an elasmobranch gastric Na,K-ATPase (which would presumably show some degree of sequence homology with a gastric H,K-ATPase) was refuted by lack of C-ter-mina1 antibody immunoblot reactivity with Squahs acantfiias rectal gland microsomal membranes, a rich source of Na,K-ATPase (31). Further investigations are clearly necessary to confirm that the 100.6 KD D. sabina microsomal protein is in fact the H,K-ATPase responsible for gastric acidification in this species. Our current studies of this system are focused on (a) characterization of K+-stimulated ATPase activity in microsomal vesicles purified from D. sabins gastric mucosa and the sensitivity of this activity to the competitive K' antagonist SCH28080, both in vesicular enzyme preparations and in isolated gastric cells loaded with acridine orange as a marker for cell acidification, (b) Northern blot probing of D. sabina gastric mucosal mRNA using full-length a-and 8-subunit cDNAs labeled by random priming to confirm the presence of H,K-ATPase in this tissue, (c) immunogold localization of the C-terminal antibody to define more precisely the subcellular site of H,K-ATPase, and (d) cloning and sequencing of elasmobranch H,K-ATPase to assess the evolutionary relationships among vertebrate H,K-ATPases.
In summary, this study has provided the first evidence for an H,K-ATPase in specific cell types of the elasmobranch stomach. Phylogenetically, the earliest occurrence of an acid-secreting stomach is in the elasmobranchs. The present finding suggests that, as in higher vertebrates, the mechanism of acid secretion in elasmobranchs may be mediated by an ATPase sharing structural features with mammalian H,K-ATPases and that this ATPase is sequestered in tubulovesicular and apical plasma membrane domains of oxyntic and oxynticopeptic cells of elasmobranch gastric glands.
